I  AD-A157  572 


UNCLASSIFIED 


DIMERIZATION  OF  COBALT  (II)  TETRASULFONATED 
PHTHALOCVAN INE  IN  WATER  AND  A.  .  <U>  CHEMICAL  RESEARCH 
AND  DEVELOPMENT  CENTER  ABERDEEN  PROVING  GRO.  . 

V  C  VANG  ET  AL  JUN  85  CRDC-TR-84098  F/G  7/3 


i/1 


NL 


UNCLASSIFIED _ 

security  Classification  of  this  page 


Id  PE  PORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED _ 

2d  SECURITY  classification  authority 


REPORT  DOCUMENTATION  PAGE 

— .  „  RESTRICTIVE  markings 


I  2o  DECLASSIFICATION /DOWNGRADING  SCHEDULE 


3  DISTRIBUTION/AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited. 


4  PERFORMING  ORGANIZATION  REPORT  NUM8ER(S) 


S  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


CP.DC-TR  -84098  _ 

6a  NAME  OF  PERFORMING  ORGANIZATION  6b  OFFICE  SYMBOL  7a  NAME  OF  MONITORING  ORGANIZATION 

(If  applicable ) 

CRDC _ SMCCR-RSC-C _ 

6c  ADDRESS  (City.  State,  and  IIP  Code)  7b  ADDRESS  (C/fy.  State,  and  ZIP  Code) 


Aberdeen  Proving  Ground,  MD  21010-5423 


8a  NAME  OF  FUNDING/SPONSORING 
ORGANIZATION 

CROC _ 

8c  ADDRESS  (City,  State,  and  ZIP  Code) 


8b  OFFICE  SYMBOL 
(If  applicable) 

SMCCR-RSC-C 


PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 


10  SOURCE  OF  FUNDING  NUMBERS 

PROGRAM  I  PROJECT  It 

ELEMENT  NO  I  NO  t 


PROJECT 

TASK 

NO 

NO 

1 L 16 1101 

A71 A 

WORK  UNIT 
ACCESSION  NO 


Aberdeen  Proving  Ground,  MD  21010-5423  element  no  no  no  accessioi 

_ _ _ _ _ _  1L161101  A71 A 

11  Title  (include  Security  Clauification) 

Dimerization  of  Cobalt(II)  Tetrasul fonated  Phthal ocyanine  in  Water  and  Aqueous-Alcohol 
Solutions _ 

12  PERSONAL  AUTHOR(S)  1  — — 

Yang,  Yu-Chu,*  Ward,  J.  Richard,  Ph.D.  ,  and  Seiders,  Reginald  P.  ,  Ph.D. _ 

13a  TYPE  OF  REPORT  13b  TIME  COVERED  14  DATE  OF  REPORT  (Year,  Month,  Day)  IlS  PAGE  COUNT 

Technical _ from  FY83  to  FY84  1985  June  66 

16  SUPPLEMENTARY  NOTATION  “ 

•:  /  -L  /  J 

♦National  Research  Council  Senior  Associate _ _ 

_1Z _ _ COSATI  CODES _  TB,  SUBJECT  TERMS  (Continue  on  reverstjf  necessary  and  identify  by  block  number) 

field  1  group  I  subgroup  ~  Lobalt  (II)  complexes,  ^Methanol  -water  solutions, 


17 

COSATI  COOES  1 

FIELD 

GROUP 

SUB-GROUP 

07 

03 

Monomer-dimer  equilibria/ 
Thermodynamics/ _ 


Dyestuffs; 

Tetrasul fonated  Phtaloci 


■Vl et a 1  complexes  of  tetrasul fonated  phthalocyanine  (TSPC)  are  of  interest  as  oxida¬ 
tion  and  hydrolysis  catalysts  for  thioethers  and  organophosphonates.  Since  metal  TS'T, 
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dard  enthalpy  of  formation  varies  with  temperature.  It  was  found  that  the  enthalpy  was 
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DIMERIZATION  OF  COBALT(II)  TETRASULFONATED  PHTHALOC YANINE  IN 
WATER  AND  AQUEOUS-ALCOHOL  SOLUTIONS 


1.  INTRODUCTION 

Metal  complexes  of  tetrasul fonated  phthal ocyani ne  (TSPC)  (Figure  1), 
like  other  water-soluble  dyestuffs,  aggregate  in  aqueous  solution. 1  The 
formation  of  the  dimer  has  been  the  subject  of  repeated  studies  for  a  variety  of 
transition-metal  complexes  with  TSPC. 2-10 


R 


R  =  S03Na  (TSPC) 

Figure  1.  Structure  of  Metal  Phthal ocyani nes 

The  equilibrium  constant  for  forming  a  dimer  in  very  dilute  solutions 
can  be  obtained  spectrophotometrically  since  TSPC  complexes  absorb  strongly  in 
the  visible  region.  In  the  past,  all  methods  employed  to  determine  the  dimeriza¬ 
tion  constant  of  TSPC  complexes  spectrophotometrically  required  that  the  spectrum 
of  the  pure  monomer  be  known.  This  spectrum  is  frequently  obtained  by  succes¬ 
sively  diluting  a  dye  solution  until  the  spectrum  does  not  change  with  tempera¬ 
ture,  or  diluting  the  dye  in  alcoholic-aqueous  solution  to  foster  the  presence 
of  pure  monomer  in  more  concentrated  solutions  compared  with  the  first  method. 

In  addition,  in  determining  the  monomer  spectra,  further  approximations  on  the 
nature  of  the  dimer  spectrum  are  made,  or  the  measured  absorbance  data  are 
treated  with  mathematical  approximations  ,4.8,11  so  that  the  concentrations  of 
the  monomeric  and  dimeric  species  can  be  obtained  to  calculate  the  dimerization 
equilibrium  constant. 
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This  study  uses  a  nonlinear  least-squares  program  to  compute  the 
best-fit  molar  absorptivity  for  monomer  and  d  ,ner  simul taneously  from  absorbance 
measurements  over  a  range  of  dye  concentrations  in  which  only  monomer  and  dimer 
are  present.  It  is  illustrated  with  cobalt  (II)  TSPC  (CoTSPC,  C32Hi2N80l2^4^d4Co 
2  H2O,  formula  weight  -  1016  gm)  as  the  dyestuff,  and  results  are  compared  with 
published  work.  In  addition,  the  monomer  dimer  equilibrium  of  Cobalt  (II)  TSPC 
(CoTSPC)  is  investigated  for  temperatures  ranging  from  5  to  75°C  in  water  to 
determine  if  the  standard  enthalpy  of  formation,  AH° ,  is  a  function 
temperature.  The  equilibrium  is  also  investigated  in  aqueous  alcohol  solvent 
systems  including  methanol,  ethanol  and  isopropanol  between  25  and  45°C. 

2.  EXPERIMENTAL 

2. 1  Preparation  of  [ 29H,31H-phtha1ocyanine-2,9,16,23-tetrasul fonato( 2)- 

n29,  n30,  N31t  n32]  Cobalt  (CoTSPC). 

this  material  was  prepared  using  the  method  of  Weber  and  Buschl2  Who 
used  the  sodium  salt  of  4-sul fophthal ic  acid,  ammonium  chloride,  urea,  ammonium 
molybdate,  and  cobalt  sulfate  heptahydrate  in  hot  nitrobenzene.  The  purification 
procedure  for  this  0.05-mole  scale  reaction  differed  slightly  from  the  published 
method.  The  crude,  dark-blue  product  was  broken  apart  with  a  spatula,  rinsed 
with  400  ml  methanol,  and  finely  ground  in  a  mortar.  The  resulting  blue  powder 
was  dissolved  in  1.1  liter  of  IN  HC1  saturated  with  sodium  chloride  to  give  a 
deep  blue  slurry  that  was  heated  to  reflux  briefly,  then  cooled  to  room  tempera¬ 
ture  and  filtered.  The  air-dried  product  was  dissolved  in  700  ml  of  0.1N 
sodium  hydroxide,  heated  to  80°C  and  filtered  (no  residue).  Sodium  chloride 
(270  gm)  was  added  to  salt  out  the  product.  This  slurry  was  heated  with  stirring 
at  80°C  for  3  hours  while  ammonia  evolved.  Upon  cooling  to  room  temperature, 
the  product  was  isolated  by  filtration.  This  reprecipitation  was  repeated 
twice  and  the  final  precipitate  was  washed  with  1.8  liters  of  80  percent  aqueous 
ethanol  .to  remove  occluded  sodium  chloride  (NaCl).  A  convenient  final  purifica¬ 
tion  was  achieved  by  washing  the  blue  powder  in  the  thimble  of  a  Soxhlet  appara¬ 
tus  with  hot  95  percent  ethanol  for  18  hours.  The  product  was  then  dried  in 
vacuo  for  2  days  to  yield  22  gm  (54  percent)  of  the  desired  CoTSPC  as  determined 
by  UV -visible  (UV-VIS)  spectroscopy. 

2.2  Spec tro photometric  Measurements. 

All  spectrophotometric  measurements  are  made  with  a  diode  array  UV-VIS 
spectrophotometer  (HP  8450A)  equipped  with  a  temperature  controller  (HP  89100A). 
The  equipment  is  controlled  by  a  microcomputer  to  provide  at  least  six  repeated 


measurements  of  each  sample  at  1-minute  intervals  starting  about  5  minutes 
after  the  cell  compartment  reaches  the  controlled  temperature. 

All  of  the  sample  solutions  were  freshly  made  on  the  same  day  when 
absorbances  were  measured  to  avoid  errors  caused  by  evaporation  of  the  solvents 
and  absorption  of  the  dye  to  the  walls  of  the  glass  containers  (Appendix  A). 

2.3  Methods  for  Determining  Molar  Absorbances. 

The  absorbance  of  a  solution  in  a  1-cm  cell  containing  only  monomer 
and  dimer  is 


A  =  em  [M]  +  e[)  [  D]  ( 1) 

where  A  =  absorbance 

=  molar  absorption  coefficient,  monomer,  M"^cm'^ 

=  molar  absorption  coefficient,  dimer,  M-^cm~^ 

[M]  =  monomer  concentration,  M 
[D]  =  dimer  concentration ,  M. 

Note  that  cq  and  [ D]  are  on  the  basis  of  the  dimer  molecular  weight  of 
2,032  gm/mole,  twice  that  of  the  monomer  specie.  The  equilibrium  between 
monomer  and  dimer  is 


[  D] 

K0  =  -  (2) 

[M]2 

where  Kq  =  dimerization  constant,  M'*,  assuming  that  the  activity  coefficients  of 
the  dye  species  are  close  to  unity.  The  total  concentration  of  CoTSPC,  Cy,  is 

[CT]  =  [M]  +  2[D]  (3) 

Equations  (2)  and  (3)  can  be  combined  to  give  vhe  monomer  concentration  in 
terms  of  total  CoTSPC  as 


[M] 


-1  +V1 


vi 


+  8Kd  [Cj] 


4KD 


(4) 
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With  Equations  (2)-(4),  one  can  rewrite  Equation  (1)  in  terms  of  the  experimen¬ 
tally  accessible  total  concentration  of  CoTSPC  as 


The  absorbances  of  18  solutions  of  different  CoTSPC  concentrations  were  measured 
at  the  peak  absorbance  of  662nm  after  temperature  equilibration.  A  non-linear, 

1  east-squares  program^  based  on  the  Gauss-Newton  technique  was  used  to  fit  the 
measured  absorbances  versus  [Cj]  in  equation  (5).  Following  a  procedure  recom¬ 
mended  by  Monahan, the  value  of  was  fixed  and  those  for  eq  and  K  were 
allowed  to  vary.  Best-fit  values  of  ep  were  obtained  at  each  of  several 
temperatures ;  these  values  were  averaged  to  get  a  mean  value  of  eq.  Values 
of  K  were  then  computed  from  Equation  (5)  with  the  values  of  and  eq  fixed. 
Runs  were  also  made  with  all  three  parameters  varying  in  order  to  compare  the 
best-fit  with  the  value  of  epj  obtained  independently  in  al  cohol -water 
mixtures . 

3.  RESULTS 

3.1  CoTSPC  Spectrum  in  Water. 

Figure  2  illustrates  the  spectra  of  a  2  x  lO'^M  solution  of  CoTSPC  in 
water  at  temperatures  ranging  from  20  to  85°C  at  10-degree  intervals.  An 
isosbestic  point  appears  at  634nm.  Aggregates  larger  than  the  dimer  are  pre¬ 
sumed  to  be  absent. 2-8 

The  measured  absorbances  were  corrected  for  the  changes  in  volume  of 
the  solutions  at  higher  temperatures;  these  correction  factors  are  listed  in 
Appendix  B  along  with  other  pertinent  physical  properties. 

3.2  Measured  Spectrum  of  Pure  Monomer. 

The  molar  absorptivity  for  the  pure  monomer  species  was  measured  by 
each  of  the  two  methods  described  previously.  Table  1  lists  the  absorbances 
at  X  max  (662nm)  for  a  series  of  solutions  as  a  function  of  temperature. 

This  method  is  limited  to  the  precision  obtainable  in  dilute  solutions.  Repli¬ 
cate  measurements  revealed  that  the  absorbances  could  be  measured  with  a  stan¬ 
dard  deviation  of  5  x  10~4  absorbance  unit.  Since  the  observed  absorptivity 
still  appears  to  be  increasing  as  concentration  is  lowered,  even  at  75°C,  one 
can  only  conclude  that  is  between  1.1  to  1.2  x  lO^M^cm"*.  In  addition,  the 
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Table  11.  CoTSPC  Dimerization  Constant  in  Water  at  58°Cd 


CT  x  106M 

CM  x  106M 

Kg,  M*1  x  10-5 

0 

- 

2.05b 

1.0 

0.85 

1.11 

2.2 

1.9 

0.62 

4.9 

3.6 

7.2 

5.0 

0.44 

9.8 

6.4 

0.42 

dThe  numbers  were  estimated  from  Figure  3  in  Reference  8. 

^Reported  value  of  K  in  Reference  8. 

To  test  this  further,  conductivity  measurements  were  made  of  dilute 
CoTSPC  solution  (Table  12)  which  also  show  that  little  or  no  change  in  con¬ 
ductivity  is  observed  in  the  concentration  region  in  which  Eyring  and  co-workers 
saw  the  dramatic  change  in  K. 

Abel  and  co-workers?  also  determined  the  dimerization  of  CoTSPC  in  a 
series  of  methanol -water  and  ethanol -water  solutions  at  20°C.  They  found  that 
a  plot  of  log  Kg  versus  log  [H20]  was  linear  and  that  the  slope  was  the  same 
for  ethanol  or  methanol  aqueous  solutions.  They  concluded  that  the  dimerization 
of  CoTSPC  involved  incorporation  of  water  according  to 

2M  +  n  H20  ^=±  D(H20)n  (9) 

Our  results  contradict  this  interpretation  since  we  find  that  the  dimerization 
constant  decreases  for  a  given  mole  fraction  of  alcohol  as  one  goes  from 
methanol  to  ethanol.  Our  results  on  the  effect  of  al cohol -water  on  dimerization 
are  more  in  line  with  Dewey  and  co-workersl7  who  found  that  the  dimerization 
constant  of  thiomne  decreased  markedly  as  ethanol  content  increased,  and  that 
the  dimerization  constant  was  smaller  for  a  given  mole  fraction  of  alcohol  in 
ethanol  than  in  methanol  (Table  13).  Figure  4  illustrates  Kg  versus  mole  percent 
ethanol  at  25°C  for  CoTSPC  where  one  sees  that  dimerization  is  almost  absent  at 
0.10  X2.  It  is  unclear  whether  the  value  of  Kg  at  2.5  mole  percent  EtOH  (0:025  X2) 
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So  one  is  actually  plotting  e  versus  e/e^.  Obviously,  the  method  also  depends 
on  the  chosen  value  of  which  accounts,  in  part,  for  the  discrepancy  between 
Abel8  and  Gruen.^  We  tried  to  use  this  method  with  our  data  using  values  >0.3;  we 
obtained  a  value  of  near  zero  (Figure  3). 

4. 3  Dimerization  Constant  of  CoTSPC. 

The  above  approximation  that  a  equals  c/eM  has  also  been  used  fre¬ 
quently  to  obtain  the  diineri zat ion  constants,* since 

(1-ct) 

K  =  -  CCT]  (8) 

2a2 

One  need  only  know  e,  e^,  and  [Cy]  to  obtain  a  value  of  K.  One  of  the  charac¬ 
teristics  of  diineri zat ion  constants  obtained  in  this  fashion  is  that  K  varies 
with  [Cy]  which  Sheppard^6  attributed  to  activity  effects.  One  also  notes  that 
plots  of  log  [M]  versus  log  [D]  had  slopes  of  1.8-1. 9  rather  than  2  as  required 
by  the  law  of  mass  action.  Such  differences  were  deemed  insignificant.  However, 
these  differences  result  in  values  of  K  about  12  percent  smaller  than  would  have 
boon  obtained  if  the  slope  were  2  for  [Cy]  -  1  x  10‘^M.  We  feel  the  problem 
is  that  the  quantity  ( cp/ 2 )  U_a)  cannot  be  ignored,  especially  since  we  have 
shown,  at  least  for  CoTSPC,  that  cq  is  larger  than  expected  on  the  basis  of 
the  ext.rapol  ation  to  zero  a.  In  such  cases,  neglecting  the  second  part  of 
Equation  (7)  results  in  values  which  are  too  small,  and  result  in  underestimated 
values  of  K.  As  the  total  concentration  of  dye  increases,  the  error  in  a  is 
worse,  and  K  decreases  with  increasing  [Cy]. 

Eyring  and  co-workers7,8  also  noted  this  trend  of  K.  decreasing  as  [Cy] 
increases,  and  the  values  of  K  in  Table  7  represent  extrapol at  ions  to  [Cy]  =  0. 
Table  11  shows  some  of  Eyring  and  his  co-workers'  results  in  more  detail.  To 
explain  their  results,  Eyring  and  co-workers7 also  invoked  the  argument  con¬ 
cerning  activity  effects.  For  dimerization  of  a  charged  molecule,  one  would 
expect  that  the  increase  in  ionic  strength  should  increase  diineri zat ion.  This 
is  confirmed  by  experiments  with  salt  added;!7  Table  8  shows  Abel  and  co-workers' 
results-7  for  salt  added  to  methanol -water  solutions  of  CoTSPC  in  which  the 
apparent  K  increases. 
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Table  10.  Monomer  Concentration  by  Successive  Approximation  Method 
for  Dye  (II)  (p-tol uenesul fonate)  in  Water  at  553nma 


Cj  x  105M 

Aobs/cel 1  length 
(cm) 

M  x  10^ 

D  x  10^ 

eg'M^cm-'*-  x  10"^ 

1.00 

1.19/1 

0.70 

0.15 

0.40 

1.93 

1.01/0.5 

1.14 

0.40 

0.45 

2.00 

1.04/0.5 

1.16 

0.42 

0.48 

2.88 

0.28/0.1 

1.48 

0.70 

0.57 

3.00 

0.58/0.2 

1-60 

0.70 

0.43 

4.00 

0.71/0.2 

1.94 

1.03 

0.39 

5.00 

0.86/0.2 

2.28 

1.36 

0.44 

10.00 

0.32/0.05 

3.28 

3.36 

0.30 

20.00 

0.51/0.05 

9.66 

7.67 

0.34 

aAll  data  except  eg'  were  obtained  from  Table  2  of  Reference  11. 

^Calculated  for  1-cm  cell,  eg'  =  1/2  eg.  eg'  was  also  reported  to 
be  0.32  x  105  by  extrapolating  observed  e  to  a  =  0  at  553nm  in  Reference 
11. 
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Table  8.  Dimerization  Constant  of  CoTSPC  in  20  percent  MeOH  at  20°Ca 


I 


Cy  X  105  M 

Eg,  M^cnT*  X  10"^ 

Kd,  M_1  x  10_5C 

Added 

KCIO4 

1.94 

NA 

0.31 

0 

2.0 

0.67 

2.2 

5  x  10-3M 

1.0 

0.67 

2.6 

5  x  10-3M 

0.5 

0.64 

3.0 

5  x  1 0” 3m 

0.25 

0.55d 

2. 7d 

5  x  10-3M 

dFrom  Reference  2 

beg‘  was  calculated  from  the  reported  data  on  absorbances  at  662nm,  monomer 
concentrations,  and  =  1.04E5. 

cTaken  from  data  in  Reference  2 

dIf  eg'  remains  0.67  x  lO^M'^cm"^;  then  K  is  calculated  to  be  3.6  x  lO^M"*. 
This  shows  that  K  increases  steadily  as  [Cy]  decreases  in  the  presence  of  the 
KCIO4. 


Table  9.  Absorbances  of  CoTSPC  in  Pure  Methanol  and 
Methanol -Water  Mixtures  at  20°C 


[Cy],  M  x  106 

Solvent 

XMax,  nm 

emax,  M"^cm"^  x  10’^ 

e662 ,  M-W1  x  10-5 

0.74 

MeOH 

658 

1.21 

1.10 

4.36 

MeOH 

658 

1.21 

1.10 

7.40 

MeOH 

656 

1.22 

1.09 

6.89 

20%  Me0Ha 

662 

1.06 

1.06 

6.30 

30%  Me0Hb 

662 

1.06 

1.06 

7.40 

50%  MeOHC 

662 

1.07 

1.07 

dMole  fraction 

of  MeOH  = 

0.10 

bMole  fraction 

of  MeOH  = 

0.15 

CMole  fraction 

of  MeOH  = 

0.30 

Table  7.  Summary  of  Published  Data 

on  CoTSPC 

Dimerization  in 

Water 

eM,  M_1cm_1 

eD,  M_1cm" 

1  kd,  m‘I 

Temp 

°C  Amax,  nm 

x  10-b 

r  a 

x  10-5 

x  10-5b 

Reference 

20 

662 

1. 04c 

0.33d 

4.03  x  1056 

2 

664 

1.21 

NA 

663 

1.2lf 

0.48d 

NA 

10 

58 

663 

1.039 

NA 

2.05  x  105 

7 

48 

663 

1.03 

NA 

4.7  x  105 

7 

38 

663 

1.03 

NA 

8.0  x  105 

7 

NA 

663 

1.  25h 

NA 

NA 

15 

V  =  1/2=0 

bDetermined  by  the  method  described  in  Reference  11 

c1.04  determined  from  60%  MeOH,  1.21  determined  from  50%  EtOH 

^Estimated  from  Figure  2  in  Reference  10  for  calculated  dimer  spectrum 

eeM  =  1.04  x  10b  was  used  for  calculating  K 

f Determined  from  20%  EtOH 

gOetermined  from  a  10-7m  dye  in  water  at  81°C 

^Determined  from  EtOH-l^O  solutions 


4. 


DISCUSSION 

The  published  values  of  e^,  eg,  and  K  for  CoTSPC  are  listed  in  Table  7 
while  data  for  dimerization  in  methanol -water  solutions  are  contained  in  Table  8. 
In  the  following  sections,  these  values  will  be  compared  separately  with  our 
results . 

4.1  Monomer  Molar  Absorptivity 

As  discussed  earlier,  eM  =  1.21  x  lO^M'^cm-*  is  consistent  with  earlier 
determinations  in  al cohol -water  solutions.  Interestingly,  previously  reported 
values  of  K  used  a  value  of  1.03  x  105M“^cm*1  which  is  significantly  smaller  than 
1.21  x  lO^M^cm-*.  Eyring,  and  coworkers^ determined  e^  by  heating  CoTSPC 
solution  in  water;  however,  we  found  that  when  this  method  was  used,  it  was 
difficult  to  obtain  a  precise  value  for  e^.  In  methanol -water ,  shifts  in 
the  maximum  peak  of  the  monomer  was  observed  (Table  9).  It  is  interesting  to 
note  that  the  same  value  of  e^  was  found  at  658nm  in  pure  methanol  that  was 
found  in  the  other  solvents  with  peak  absorbance  at  662nm. 

4.2  Dimer  Molar  Absorptivity. 

Few  values  of  eg  have  been  reported  for  CoTSPC  since  measurements 
of  the  dimerization  constant  were  made  with  West  and  Pearce's  method. H  Their 
method  only  requires  a  knowledge  of  e^  after  which  assumptions  can  be  made 
of  the  dimer  spectrum.  We  used  results  from  West  and  Pearce, H  and  tried  to 

recalculate  eg  for  a  dye  that  they  used  to  illustrate  their  technique.  Our 

0 

results  are  shown  in  Table  10.  We  see  that  eg  varies  considerably  as  [Cy] 
varies. 

The  ep  values^’10  listed  in  Table  8  were  obtained  from  a  plot  of 
absorptivity  versus  a  defined  as  the  fraction  of  CoTSPC  present  as  monomer. 

The  value  of  e  aft  a  =  0  is  taken  as  eg.  The  value  of  a  is  determined 
in  the  following  manner.  By  definition 


/ 


ED 

e  =eMa  +  —  ( 1-a) 
2 


It  is  assumed  that  the  second  term  can  be  neglected  and 


(6) 


a  = 


(7) 


Table  6.  Dimerization  Constants  of  CoTSPC  in  Alcohol -Water  Solutions 


M"1  x  10 


-5‘ 


Solvent 

*2 

25°C 

35°C 

45°C 

Water 

- 

84.0 

41.0 

23.0 

0.10 

1.4 

0.88 

0.52 

0.15 

0.63 

0.52 

0.38 

0.025 

84.0b 

15.0 

8.2 

0.050 

22.0 

10.0 

6.9 

0.080 

8.1  +  1.3 

5.0  +  1.1 

3.5  +  0.9 

0.10 

1.0 

0.79 

0.60 

0.15 

0.19+  0.08 

0.16  +  0.01 

0.16  +  0.02 

0.15 

0.22 

aError  represents  sample  standard  deviation  where  noted.  Other  values  are 
single  determinations. 

bTotal  CoTSPC  concentration  was  4.10-^M,  so  it  is  possible  that  higher 
aggregates  may  be  present. 


Table  5.  Dimerization  Constants  Calculated  with  and  gq  Fixed* 


▼ 


Kd,  M-1  x  10'6 

[CT],  M  x  107  Temp  (°C)  25  35  45  55  65  75 


temperatures.  This  result  is  also  consistent  with  the  assumption  that  higher 
aggregates  are  present  despite  the  isosbestic  point  evident  in  Figure  2.  From 
Table  4  the  mean  value  of  is  (1.60  _+  0.08)  x  10^  M~^cnT*.  Values  of  K  were 
then  computed  with  and  fixed  as  shown  in  Table  5. 


Table  4.  Calculated  en  and  K  at  eM  =  1.21  x  lO^M'^cm"^-  for 


i  icu  t_n 

'ious  Ci 


oncentration  Ranges 


Temp  (°C) 


Cone  (M) 


en  x  10 


9  x  10-8  to  5  x  10-7 
9  x  10-8  to  1  x  10-6 
9  x  10-8  to  1  x  io-6 
9  x  10-8  to  2  x  10-6 
9  x  10-8  to  2  x  10-6 
9  x  10-8  to  5  x  io-6 


1.54  +  0.14* 


1.46  +  0.15 


1.70  +  0.11 


1.63  +  0.05 


1  65  +  0.04 


1.57  +  0  02 


Standard  deviation  from  non-linear,  1  east-squares  program 
Dimerization  of  CoTSPC  in  A1 cohol -Water  Mixtures. 


Dimerization  constants  were  measured  in  methanol,  ethanol,  and  isopro¬ 
panol  water  mixtures.'  Results  of  individual  absorbance  measurements  are  listed 
in  Appendix  D.  For  a  few  mixtures,  values  of  ep  in  ethanol -water  were 
determined  with  Ep  varying  and  e^  fixed  as  was  done  with  values  in  water. 

The  value  of  Eq  was  close  to  the  value  from  water  (1.5  x  lO^M^cm’^).  Again 
one  concludes  that  the  molar  absorpti vities  are  unaffected  by  co-solvent  and 
that  only  monomer-dimer  equilibria  is  significant.  Then  values  of  K  were 
calculated  with  and  ep  fixed.  For  other  al cohol -water  solutions, 
only  one  solution  was  made  for  a  given  mixture.  The  values  of  K  are  summarized  in 
Table  6  where  one  sees  that  for  a  given  mole  fraction  of  alcohol,  dimerization 
constants  are  larger  in  methanol  than  in  ethanol,  and  Kp  decreases  as  alcohol 
is  added  to  water.  Because  the  volume  changes  are  so  large  in  the  al cohol -water 
solutions,  only  data  to  45°C  is  consdered. 


TABLE  2.  Absorptivity  of  CoTSPC  at  662nm  in  Ethanol -Water  Solutions  at  35°C 


20 %  Et0Hd 

40% 

EtOH 

60% 

EtOH 

[cT]b 

€aC 

[cT]b 

=aC 

[cT]d 

eaC 

0.202 

1.14 

0.204 

1.22 

0.201 

1.21 

1.01 

1.11 

1.02 

1.19 

1.01 

1.23 

2.02 

1.07 

2.04 

1.18 

2.01 

1.24 

10.1 

1.07 

10.2 

1.14 

10.1 

1.22 

20.4 

1.08 

20.1 

1.08 

d  Percent 

by  volume 

t>M  x  106 

CM_1 cm*l 

x  10-5 

TABLE  3. 

Fitted  Values  of 

and 

ej)  Using  Equation  (5) 

Temp  (°C) 

eM,  M^crtT1 

x  10-5  Std  dev  e 

D,  M-lcm"!  x 

10-5  Std  dev 

5 

1.03 

0.20 

0.67 

0.04 

15 

1.10 

0.39 

0.67 

0.08 

25 

1.19 

0.36 

0.72 

0.07 

35 

1.17 

0.23 

0.76 

0.08 

*5 

1.12 

0.08 

0.80 

0.06 

55 

1.13 

0.07 

0.92 

0.06 

65 

1.17 

0.08 

1.18 

0.05 

75 


1.18 


0.09 


1.32 


0.05 


observed  value  of  e  did  not  vary  much  between  1.88  x  10_7M  and  5.23  x  10_7M; 
therefore,  it  is  also  difficult  to  extrapolate  [Cy]  to  zero  as  suggested  in 
Reference  11. 

The  second  method  used  measured  in  al cohol -water  solutions.  The 
maximum  absorption  of  monomer  in  pure  ethanol  occurs  at  the  same  wavelength  in 
water  (662nm),  but  the  peak  shifts  to  658nm  in  pure  methanol.  Since  the  solubility 
of  CoTSPC  in  pure  ethanol  was  too  small  to  measure  accurately,  attention  shifted 
to  ethanol -water  solutions.  By  contrast,  the  solubility  in  methanol  was  sufficient 
to  show  that  Beer's  Law  holds  and  that  CoTSPC  exists  as  the  monomer  in  pure 
methanol.  The  absorpti vities  of  three  ethanol -water  mixtures  at  35°C  are  listed 
in  Table  2.  Beer's  Law  applies  in  60  percent  ethanol  (EtOH)  to  1  x  lO'^M  CoTSPC 
and  to  2  x  10'^M  CoTSPC  in  40  percent  EtOH  from  which  a  value  of  (1.21  _+ 

0.02)  x  lO^M-lcm-l  is  computed.  Presumably,  dimer  is  present  in  the  other 
ethanol -water  solutions.  Sorek  and  co-workersl5  also  reported  a  value  of  1.2  x 
105M“lcm“l  for  eM  in  al cohol -water  solutions. 

3.3  Determination  of  eg  and  K. 

Eighteen  solutions  ranging  from  8  x  10-8  to  2  x  10"5m  CoTSPC  were  used 
to  determine  eg  and  K.  The  absorbances  of  these  solutions  were  measured  at 
A  =  662nm  from  5-75°C  at  10°C  intervals  and  then  fit  to  Equation  (5)  with  the 
nonlinear,  1  east-squares  program.  In  order  to  compare  the  best-fit  efi  in 
water  with  that  measured  in  al cohol -water ,  the  first  calculations  were  done  with 
cm,  eg.  and  K  allowed  to  vary.  Results  are  listed  in  Appendix  C.  Table  3 
summarizes  the  and  eg  values.  One  notes  that  the  standard  deviation 
progressively  decreased  as  temperature  increased  while  the  values  of  eg 
steadily  increased  with  temperature.  This  suggests  that  aggregates  higher  than 
the  dimer  may  be  present  at  the  lower  concentration.  Nonetheless,  one  notes 
that  the  values  of  ejvj  at  65  and  and  75°C  agree  well  with  the  value  of  1.21  x 
105M-lcm*l  measured  in  al cohol -water  and  in  water.  Thus,  the  addition  of  co¬ 
solvent  does  not  alter  the  spectrum  of  CoTSPC  monomer,  an  implicit  assumption 
in  most  work  with  dye  aggregates. 

Calculations  continued  to  determine  eg  with  a  method  proposed 
by  Monahan^  in  which  e^  is  fixed  and  e^  and  K  are  allowed  to  vary.  However, 
computations  were  redone  with  higher  concentrations  progressively  removed.  These 
results  are  summarized  in  Table  4  where  one  sees  that  eg  approached  a  common 
value  at  25°C  and  higher  as  the  higher  concentrations  were  removed  at  the  lower 
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Table  1.  Absorbances  Measured  at  X  =  662nm  in  Pure  Water 


[Cy],  MxlO7 

45°Ca 

55°Ca 

65°Cb 

75°Cb 

eM,  75°C,  M-1cm-1xl0“5 

0.879 

0.0101 

0.0101 

0.0102 

0.0102 

1.16 

1.88 

0.0202 

0.0202 

0.0214 

0.0204 

1.09 

1.95 

0.0202 

0.0212 

0.0214 

0.0214 

1.10 

2.27 

0.0222 

0.0242 

0.0245 

0.0245 

1.08 

2.52 

0.0253 

0.0253 

0.0265 

0.0275 

1.09 

3.36 

0.0343 

0.0354 

0.0367 

0.0367 

1.09 

4.40 

0.0448 

0.0455 

0.0469 

0.0469 

1.07 

5.23 

0.0535 

0.0545 

0.0561 

0.0551 

1.05 

9.11 

0.0879 

0.0919 

0.0938 

0.0949 

1.04 

- 

0.111 

0.115 

0.117 

1.03 

aVolume  correction  of  1.01 
bVolume  correction  of  1.02 


Table  12.  Conductivities  of  CoTSPC  Solutions  in  Water  at  25°C 


M  x  10 


7 


k,  ps/cma 


Z,  ys/cmb 


1.42 

0.00 

0.0284 

7.10 

0.00 

0.142 

28.4 

0.23 

0.568 

71.0 

0.52 

1.42 

142.0 

0.49 

2.84 

675.0 

2.84 

13.5 

d0btained  by  subtracting  the  measured  conductivities 
from  the  conductivity  of  deionized  water,  <  = 

2.15us/cm,  used  for  solution  preparation;  us/cm  = 
urlcm*l  x  10-6. 

bZ  is  calculated  conductivity  of  pure  Na+  ion  at  four 
times  the  same  concentrations  of  the  dye  at  25°C. 

Since  <  is  lower  than  Z,  ion-pairing  may  be  present 
at  the  four  terminal  sodium  sulfonate  groups  of  CoTSPC. 


Table  13.  Effect  of  Solvent  on  Thionine  Dimerization  at  22°Cd 


Sol ventd 

K,  M-l 

Water 

2,660 

1%  EtOH 

635 

5%  EtOH 

140 

10%  EtOH 

35 

10%  Me OH 

1125 

1%  PrOH 

360 

10%  PrOH 

C 

dReference  17 
t>Mole  percent  alcohol 
cToo  smal 1  to  measure 
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should  be  smaller  to  conform  with  the  trend  seen  with  the  other  points.  Future 
experiments  need  be  done  in  which  replicate  measurements  at  various  mole  fractions 
are  col lected . 

4.4  Thermodynami cs  of  CoTSPC  Dimerization  in  Water. 

Another  facet  of  this  study  was  to  see  if  a  finite  heat  capacity  could 
be  detected  for  the  dimerization  of  CoTSPC.  Since  World  War  II,  many  examples 
of  temperature-dependent  activation  energies  have  been  measured^  along  with  more 
rigorous  methods  to  test  rate  or  equilibrium  constants  for  non-zero  heat  capac¬ 
ities.^  we  elected  to  use  a  method  proposed  by  Blandamer,  Robertson,  and  co- 
workers^O  which  is  discussed  in  more  detail  in  Appendix  E.  Table  14  lists  the 
values  of  enthalpy  (aH)  and  ACp  computed  with  Blandamer  and  co-workers' 
method  which  suggests  a  constant,  positive  value  of  ACp  for  dimerization.  To 
confirm  this,  the  values  of  AH  in  Table  14  were  fit  to 

AH  =  a  +  bT  (10) 

where  T  is  in  °C.  The  result  gave  values  of  a  and  b  of  -16.20  _+  0.32  kcal/mole 
and  113  +_  6  cal/  mole-K  for  a  and  b,  respectively,  indicating  that  the  dimeriza¬ 
tion  of  CoTSPC  has  a  positive,  constant  value  of  ACp.  Table  15  lists  the 
free  energy,  enthalpy,  and  entropy  as  a  function  of  the  temperatures  studied. 

A  number  of  factors  have  been  proposed  to  account  for  forces  contrib¬ 
uting  to  dimerization  of  dye  molecules  such  as  van  der  Waals  forces,  charge-charge 
interactions ,  hydrophobic  interactions,  or  the  role  of  the  water. 1  The  presence 
of  a  positive  heat  capacity  of  activation  rules  out  hydrophobic  interaction  as  a 
major  contributor  since  hydrophobic  interactions  display  a  negative  heat  capacity 
as  recently  discussed  by  Evans  and  Lumry.21  Evans  and  Lumry  point  out  that  since 
the  unique  structure  of  water  imposes  contributions  to  AH  and  entropy  (AS) 
that  compensate  and  do  not  alter  the  free  energy,  it  is  dangerous  to  use  their 
values  near  room  temperature.  This  compensation  between  AH  and  AS  for 
CoTSPC  dimerization  is  aptly  demonstrated  in  Figure  5.  Evans  suggests  that  one 
use  hydrazine  in  place  of  water  since  it  is  identical  to  water  except  for  the 
"ice-structure."  To  illustrate  this  and  show  the  extent  of  the  AH  terms, 

Evans  compared  the  thermodynami cs  of  transfer  of  argon  from  hydrazine  to  water. 
This  free  energy  transfer  is  only  0.4  kcal/mole  at  25°C,  but  AH  is  -5/cal/mole, 
and  AS  is  -15.4  cal/mole-K.  Another  way  to  avoid  the  confusion  from  this 
compensatory  contribution  to  AH  and  AS  is  to  examine  data  at  high  temperatures 
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Table  14.  Calculation  of  AH  and  ACp  for  CoTSPC  Dimerization  in 
Water  with  Blandamer's  Method* 


♦Errors  are  the  standard  deviation  of  the  mean  as  computed  by 
the  program. 


Table  15.  Thermodynamics  of  CoTSPC  Dimerization  in  Water 


Temp,  °C 

AC°,  kcal/mole 

AH°,  kcal/mole 

AS°,  cal/mole-K 

25 

-9.4 

-13.4 

-13.4 

35 

-9.3 

-12.2 

-  9.4 

45 

-9.2 

-11.1 

-  5.9 

55 

-9.2 

-10.0 

-  2.4 

65 

-9.2 

-  8.8 

1.1 

7.7 


4.5 


where  the  unique  water  structure  disappears.  Using  values  of  AH  and  AS 
at  75°C,  one  sees  that  the  dimerization  process  has  a  positive  entropy.  Because 
the  formation  of  a  dimer  should  produce  a  negative  entropy,  a  sizeable  contri¬ 
bution  to  entropy  may  come  from  the  release  of  water  molecules  on  dimer  forma¬ 
tion.  This  is  further  substantiated  by  a  recent  article  by  Oh  1 1 ng ^ 1 » 22  who 
measured  the  pressure  dependence  of  dimerization  of  methylene  blue  and  pyronine 
G  dyes.  He  found  that  the  volume  change  on  dimerization  was  negative  and 
attributed  it  to  the  release  of  water  on  dimer  formation.  Thus,  we  agree  with 
Abel  and  co-workers?  that  water  participates  in  dimer  formation;  however,  we 
find  that  water  is  released  into  the  bulk  solvent  when  the  dimer  forms  as 
opposed  to  their  contention  that  water  is  incorporate  into  the  dimer. 

Another  piece  of  evidence  to  support  our  contention  that  hydrophobic 
bonding  does  not  contribute  to  dimerization  is  the  rapid  dissolution  of  CoTSPC 
in  water  as  opposed  to  alcohol  which  is  characteri Stic  of  an  electrolyte  as 
opposed  to  a  hydrophobic  solute. 

Finally,  enthalpies  and  entropies  of  dimerization  in  al cohol -water 
solutions  were  not  calculated  to  collect  replicate  runs  at  various  mole  fractions 
to  improve  the  precision  of  the  dimerization  constants  in  these  solvents. 

5.  CONCLUSIONS 

As  a  result  of  the  study  conducted,  the  following  conclusions  are 

provided : 

•  Published  results  on  and  eg  of  CoTSPC  in  aqueous  solutions 
were  inconsistent.  The  values  determined  from  this  work,  = 

1.21  x  10~*  and  eg  =  1.60  x  lO^cm'^M'^,  are  higher  than  the 
publ ished  val ues. 

•  Published  results  on  the  dimerization  constants  were  too  low  because 
the  successive  approximation  method  for  monomer  concentration  tends 
to  overestimate  monomer  concentrations. 

•  Higher  aggregates  than  the  dimer  can  be  present,  especially  at  lower 
temperatures,  even  where  an  isosbestic  point  is  observed  for  monomer- 
dimer  equilibrium.  This  results  in  errors  in  the  calculated  dimeri¬ 
zation  constant,  K.  It  is  important  to  prove  that  K  is  constant 
over  a  range  of  dye  concentrations  at  a  given  temperature. 

•  The  ionic  strength  of  the  dye  solutions  at  concentrations  less 
than  1  x  10-^M  are  close  to  zero  and  the  activity  coefficents  of 
the  dye  species  are  close  to  unity. 
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•  Absorption  of  dye  to  glass  surfaces  was  observed.  Absorbance 
data  should  be  collected  on  freshly-made  solutions. 

•  In  the  temperature  ranges  25  to  75°C  for  CoTSPC  dimerization  in 
pure  water,  a  positive  &Cp  was  found  which  indicates  that  the 
reaction  is  not  caused  by  the  structure-maki ng  property  of  water 
molecules  surrounding  the  dye  molecule,  i.e.,  hydrophobic  bonding. 

•  We  believe  that  CoTSPC  aggregates  because  the  electric  charges 
are  dispersed  by  the  solvent  (water)  molecule  and  additional 

Van  der  Waal s  forces  are  also  present  between  the  planar  hydrophobic 
groups  in  the  dye  molecule. 

•  In  al cohol -water  mixtures,  when  compared  at  a  constant  mole 
fraction  of  the  alcohol,  the  dimerization  constant  decreases  as 
the  alkyl  group  changes  from  MeOH  to  EtOH  and  i-PrOH.  As  this  is 
the  trend  for  increasing  water  structure  in  the  solution,  aggrega¬ 
tion  of  CoTSPC  is  not  favored  by  the  structure-making  effect  of 
the  water  molecules. 

•  CoTSPC  dissolves  more  readily  in  MeOH  than  in  EtOH  or  i-ProH  (and 
dimerizes  faster  in  Me0H-H20  than  in  Et0H-H20  and  i-PrOH-H20  solu¬ 
tions  of  the  same  mole  fraction).  A  shift  of  the  monomer  peak  to  a 
lower  wavelength  was  found  in  pure  methanol  only  but  the  monomer 
peak  remains  in  the  same  position  in  pure  water,  ethanol,  and 
isopropanol.  The  above  statements  indicate  that  a  special  solvation 
of  CoTSPC  by  methanol,  due  perhaps  to  its  high  polarity,  may  be 
present;  however,  this  solvation  effect  does  not  cause  any  dimeriza¬ 
tion  of  CoTSPC  in  pure  methanol. 
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APPENDIX  A 

ABSORPTION  OF  DYE  TO  GLASS  WALL  AT  35°C 


APPENDIX  A 


ADSORPTION  OF  DYE  TO 

GLASS  WALL  AT  35°C 

Cj,h 

Dye* 

A  (662nm ) 

7.98  x  10'6 

fresh 

0.506 

1  day 

0.503 

6.85  x  10'6 

fresh 

0.456 

7  days 

0.449 

♦Stored  at  room  temperature  in  a  100ml  volumetric  flask 
in  darkness. 
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Table  D-3.  Dielectric  Constant  of  Water 


°C 

£ 

5 

85.90 

15 

82.04 

25 

78.36 

35 

74.85 

45 

71.50 

55 

68.30 

65 

65.25 

75 

62.34 

Appendix  D 
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Table  0-2. 

40%  EtOH  (0.15  X2)  at 

25°C 

Cone. 

Aobs 

A1 

A2 

A3 

A4 

0.0839 

0.102 

0.101 

0.102 

0.100 

0.101 

0.102 

0.121 

0.122 

0.122 

0.136 

0.161 

0.163 

0.165 

0.162 

0.163 

0.272 

0.321 

0.322 

0.322 

0.340 

0.400 

0.401 

0.403 

0.400 

0.401 

0.679 

0.787 

0.783 

0.782 

0.783 

0.783 

0.839 

0.956 

0.959 

0.958 

0.959 

0.958 

2.04 

2.20 

2.20 

2.20 

2.20 

2.20 

Corr.  f  = 

1.00 

ESQ 

2.7E-5 

3.8E-5 

2.9E-5 

3.0E-5 

eM  *  10'5 

+  SD 

1.21 

1.23 

1.20 

1.21 

0.02 

f 

0.01 

f 

ed  x  10-5 

+  SD 

1.03 

1.50 

0.768 

1.07 

0.84 

0.10 

0.892 

0.20 

K  x  IQ"5 

+  SD 

0.0707 

0.166 

0.0528 

0.0737 

0.729 

0.031 

0.0436 

0.0156 

Appendix  D 
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Table  D-l.  40%  EtOH 

(0.15  X2)  at 

15°C 

Cone. 

Aobs 

A  corr. 

A1 

A2 

A3 

0.839 

0.103 

0.102 

0.101 

0.101 

0.101 

0.102 

0.122 

0.121 

0.122 

0.122 

0.136 

0.163 

0.161 

0.163 

0.163 

0.162 

0.272 

0.324 

0.321 

0.321 

0.321 

0.340 

0.401 

0.397 

0.400 

0.400 

0.399 

0.679 

0.791 

0.783 

(0.787) 

(0.779) 

0.774 

0.773 

0.773 

0.839 

0.946 

0.937 

0.943 

0.941 

0.942 

2.04 

2.10 

2.08 

2.10 

2.08 

2.08 

Corr.  f 

=  0.99 

ESQ 

1.4E-4 

7.0E-5 

7E-5 

em  x  10' 

5  +  SD 

1.22 

0.04 

1.21 

0.02 

1.21 

f 

Eq  x  10" 

5  +  SD 

0.107 

2.70 

<0 

<0 

K  x  10-5 

+  SD 

0.0563 

0.0321 

0.0297 

0.103 

0.0376 

0.0117 

Appendix  D 
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APPENDIX  D 

ABSORBANCES  AND  LEAST-SQUARES  FIT  FOR  ALCOHOL-WATER  SOLUTIONS 
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2.65  0.911  2.03  1.83  5.29  3.08  9.88  13.6 

0.35  0.677  0.55  0.44  0.58  2.05  1.85  5.0 
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Table  B-l.  Correction  Faccors  for  Solvent  Expansion 


Temp  °C 


Densi ty  of  pure 
water,  g/ml 


Correction  factor,  f, 
for  absorbances* 


5 

1.00 

15 

0.999 

1.00 

25 

0.997 

1.00 

35 

0.994 

1.00 

45 

0.990 

1.01 

55 

0.986 

1.01 

65 

0.981 

1.02 

75 

0.975 

1.02 

*A  corr  =  Aobs  x  f 


Table  B-2.  Some  Properties  of  ROH-H2O  Mixture  at  25°C* 


Solvent  X2,  mole 

mixture  fraction  Viscosity,  cp  Dielectric  constant 


Table  D-4.  40%  EtOH  (0.15  Xo)  at  35°C 


0.0839 

0.102 

0.0998 

0. 101 

0.101 

0.102 

0.120 

0.121 

0.122 

0.122 

0.136 

0.160 

0.161 

0.163 

0.162 

0.272 

0.320 

0.320 

0.322 

0.321 

0.340 

0.397 

0.398 

0.400 

0.399 

0.679 

0.785 

0.781 

0.781 

0.780 

0.839 

0.954 

0.957 

0.956 

0.956 

2.04 

2.10 

(2.20) 

2.20 

2.20 

Corr.  f 

ISQ 

3.5E-5 

4.6E-5 

4.5E-5 

eM  x  10‘5  +  SO 

1.20 

0.01 

1.21 

f 

1.21 

f 

e q  x  10"^  +  SD 

0.417 

1.32 

1.73 

1.73 

0.16 

0.56 

K  x  10*5  +  SD 

0.0375 

0.101 

0. 189 

0.222 
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Table  D-5  40%  EtOH  (0.15  X2)  at  45°C 


Cone. 

Aobs 

A  corr 

_ Al _ 

_ A2 _ 

_ A3 _ 

0.0839 

0.101 

0.102 

0.101 

0.00995 

0. 00992 

0.102 

0.119 

0.120 

0.122 

0.121 

0.121 

0.136 

0. 158 

0.160 

0.163 

0.161 

0.161 

n.  272 

0.317 

0.320 

0.323 

0.320 

0.320 

0.340 

0.394 

0.398 

0.402 

0.398 

0.399 

0.679 

0.780 

0.  786 

0.785 

0.785 

0.786 

0.839 

0.952 

0.962 

0.961 

0.963 

0.962 

0.220 

2.20 

2.04 

2.11 

2.13 

Corr.  f  = 

1.01 

ESQ 

3.9E-5 

1.1E-5 

9.4E-6 

£  M  *  10'5 

+_  SO 

1.21 

1.19 

1.18 

f 

0.01 

0.01 

cn  *  l0‘5 

+  SD 

0.728 

5.5 

2.69 

0.361 

3.7 

0.40 

X  X  10"^  H 

E  SD 

0.0534 

<0 

<0 

0.0154 

Appendix  D 


Table  D-6. 

40%  EtCH  (0.15  X2) 

at  55°C 

fi 

Cone. 

Aobs 

A  corr. 

A1 

A2 

A3 

0.0839 

0. 100 

0. 102 

0. 101 

0.100 

0.00994 

0.102 

0.118 

0.120 

0.123 

0.122 

0.121 

0.136 

0. 156 

0.159 

0.163 

0.162 

0.161 

. 

0.272 

0.315 

0.321 

0.324 

0.320 

0.320 

0.340 

0.390 

0.398 

0.403 

0.398 

0.399 

u 

0.679 

0.771 

0.786 

0.787 

0.785 

0.786 

0.839 

0.946 

0.965 

0.962 

0.966 

0.966 

* 

i  ■ 

2.04 

2.10 

2.14 

2.14 

• 

Corr.  f  = 

SSQ 

1.02 

6.5E-5 

1.58E-5 

1.3E-5 

eM  x  10-5 

+  SD 

1.21 

f 

1.21 

f 

1.19 

0.01 

m 

E  D  x  10'5 

+  SD 

9.92 

7.38 

2.15 

0.07 

<0 

•  '-V 

K  x  10-5  h 

L  SD 

<0 

0.822 

0.481 

0.0106 

0.255 

J 
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Table  0-7.  EtOfl  -  Water.  20%  EtOM 


X?  =  0.08  25 

Temp.  e  _ 1_ 


CT 

Vol .  f  A  corr 

Af 

4.66E-6 

0.440 

0.447 

8.92E-6 

0.791 

0.807 

9.32E-6 

0.844 

0.840 

1.17E-6 

1.05 

1.03 

1.56E-5 

1.32 

1.32 

1.63E-5 

1.43 

1.40 

2.33E-5 

1.92 

(1.96) 

1.95 

rSQ 

2.2 

E-3 

em  x  10"5  +  SO 

1.21 

f 

ed  x  in*5  +_  so 

1.37 

0.10 

Y.  x  10-5  +  SD 

1.87 

0.90 

Af 

35 

1 

A  corr 

f 

45 

1.01 

A  corr 

Af 

Af 

0.444 

0.437 

0-454 

0.455 

0.458 

0.816 

0.806 

0.834 

0.839 

0.839 

0.851 

0.861 

0.879 

0.874 

0.874 

1.05 

1.07 

1.09 

1.08 

1.08 

1.  39 

1.35 

1.39 

1.42 

1.42 

1.44 

1.47 

1.50 

1.48 

1.48 

2.03 

2.03 

2.07 

2.07 

2.07 

2.4 

2.2 

1.39 

1.41 

E-3 

E-3 

E-3 

E-3 

1.21 

1.00 

1.08 

1.21 

f 

0.29 

0.34 

f 

1.57 

1.46 

1.50 

1.56 

0.09 

0.66 

0.39 

0.07 

4.23 

0.402 

6.82 

2.57 

3.25 

0.264 

3.33 

1.31 
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APPENDIX  E 


BLANDAMER'S  METHOD  FOR  CALCULATING  &H  and  ACp 


A3 


APPENDIX  E 

BLANDAMER'S  METHOD  FOR  CALCULATING  AH  and  ACp 

Blandamer's  expression  for  computing  thermodynamic  parameters  from 
the  temperature  dependence  of  rate  data  is 


where  k  =  rate  coefficient  at  temperature,  T 
T  =  temperature 

k0  =  rate  coefficient  at  temperature,  T0 
AH0*  =  enthalpy  of  activation  at  T0 
ACp*  =  heat  capacity  of  activation 

Equation  (E-l)  is  obtained  by  integrating  the  vant-Hoff  isochore 
between  temperatures  T0  and  T  assuming  ACp*  is  independent  of  temperature.  For 
a  given  set  of  k,  T  data  pairs,  one  pair  of  K  and  T  are  set  as  K0  and  T0,  and  the 
remaining  values  of  K,  T  are  used  in  a  regression  of  Equation  (E-l)  to  find  a  value 
of  AH*  and  ACp*  at  T0.  Another  pair  of  k,  T  are  set  as  the  new  Kq ,  T0  and 
values  of  AH*  and  ACp*  at  the  new  T0  are  obtained.  The  process  is  repeated 
until  each  value  of  K,  T  in  the  data  set  has  been  assigned  Kq,  T0  yielding 
values  of  AH*  and  ACp*  for  each  temperature,  T.  Any  data  set  produces: 

(a)  ACp*  zero,  AH*  constant  with  temperature; 

(b)  ACp*  constant,  AH*  linearly  dependent  with  temperature,  or 

(c)  ACp*  temperature  dependent. 

Equation  (E-l)  was  derived  with  the  assumption  that  ACp*  is  temperature 
independent,  so  for  conditions  (a)  or  (b)  above,  the  values  of  ACp  are  thermo¬ 
dynamically  correct.  However,  Equation  (E-l)  gives  the  correct  sign  for  temper¬ 
ature  dependent  ACp*  although  the  values  so  computed  are  not  correct  since 
the  wrong  equation  is  used  to  compute  ACp*.  In  order  to  find  the  values 
of  AH*  and  ACp*,  Equation  (E-l)  is  fit  directly  with  a  non-linear,  least- 
squares  program^  as  opposed  to  the  linear  form  of  Equation  (E-l)  offered  by 
Blandamer.20  To  further  distinguish  between  conditions  (a)  and  (b)  above,  the 
enthalpies  of  activation  so  computed  are  fit  versus  temperature  with  a  linear, 
least-squares  version  of  the  program  to  see  if  the  slope  differs  from  zero. 
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